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Introduction 1
Application of compost to soil affects soil fertility and plant growth, mainly by improving 2 soil physical and chemical properties [1] . Several authors [2-4] also reported that compost 3 amendment always affect soil or rhizosphere microbial composition and activities. Addition of 4 compost to soil stimulates the proliferation of rhizobacteria producing siderophores or 5
antagonists to many soil-borne phytopathogenic fungi [2] . However the factors that stimulate 6 such specific groups of rhizobacteria remain to be elucidated. Both the kind of organic matter 7 and its state of decomposition seem to play major roles [2, 5, 6 ]. The ultimate products of 8 composting are humic substances (HS). These relatively stable organic compounds are the major 9 ones that microorganisms encounter within mature compost or when these organic amendments 10 are added to soil. Humic substances can influence microorganisms indirectly by their cationic 11 exchange capacity, which is five times higher than in soil minerals [1] . With this characteristic, 12 HS can supply essential cations such as chelated Fe [7, 8] or can chelate toxic concentrations of 13 Cu [9] facilitating microbial growth. HS may also affect directly microbial metabolism when 14 their molecular size is adequate for uptake [10] . Fulvic acids (FA) have lower molecular weight 15 than humic acids (HA) and they have a greater influence on the growth and physiological 16 activities of many organisms [11] . In fact, HS can influence microbial enzymatic activities [12-17 15], respiration [16] and nutrient uptake by enhancing membrane permeability [14, 15] . 18 Substantial amounts of de-inking paper sludge are produced annually by papermills. This sludge 19 can be combined with poultry manure to produce compost [17] . When used in a mixture of 20 compost and perlite (1:1 v/v) the de-inking paper sludge compost (DPSC) was suppressive to the 21 cucumber (Cucumis sativa cv. Straight Eight) damping-off caused by Pythium ultimum [18] . In 22 comparison with three other commercial composts, the high suppressive effect of the DPSC was 23
The HA precipitated at pH 2.0 were resuspended in Tris buffer (30 mM 1 trihydroxymethylaminomethane and 150 mM KCl, pH 8. 4 and ionic strength I = 0.15) and 2 fractionated using Amicon ultrafiltration membranes (Millipore, Bedford, Massachusetts, USA) 3 fitted into continuously stirred filtration cells. Fractions were obtained in the molecular weight 4 ranges between 1000 and 10 000, 10 000 and 100 000 and > 100 000 Da. During the 5 ultrafiltration procedure, the pressure described by the manufacturer was applied and the pH and 6 ionic strength of the solutions were maintained at the levels previously indicated. The 7 concentrates of the three fractions, contained in Amicon ultrafiltration cells fitted with an YC05 8 Diaflo ultrafiltration membrane (nominal molecular weight cut-off approx. 500 Da), were 9 thoroughly washed with distilled water until the ultrafiltrates had a pH 7.0 and gave a negative 10 chloride Cl -test with AgNO 3. The HA in K salts form were then freeze-dried and stored in the 11 dark at -20 °C. 12 13 (Table 3) . Also, bacteria were tested for 3 their capacity to produce siderophores [25] and cyanide (HCN) [26] . Bacteria were considered 4 positive for the production of siderophores or HCN when an orange halo on the chrome azurol S 5 (CAS) agar plates or a change in color from yellow to orange-brown on the filter paper, were 6 respectively observed. These tests were done in triplicate (see Table 3 ). 7 8
Elemental analysis of HS 14

Effect of HS on microbial antagonism 9
In bacterial antifungal assays involving Fe competition, the glassware used had been 10 soaked at least for 24 h in 6N HCl to remove residual Fe and was rinsed with distilled H 2 O. 11
Stock solutions of 50 mg l -1 of DPSC-FA, DPSC-HA and of fossil-HA were prepared in distilled 12 H 2 O. The pH of solutions, were adjusted to 7 with HCl or KOH before autoclaving (121 °C, 20 13 min). A stock solution of 10 mM FeCl 3 •6H 2 O was prepared in 10 mM HCl and filter sterilized 14 through a 0.22 µm Millipore membrane. Specific quantities of stock solutions were added to the 15 autoclaved agar medium used for bacterial antifungal assays to obtain the target concentration 16
wanted. Bacteria were grown on 10% TSA (Tryptic Soy Agar, Difco) for 2 d before transferring 17 one colony into 5 ml of RSM liquid medium. Inoculated tubes were incubated at 28 °C and were 18 agitated at 250 rev min -1 until an optical density of 0.6 at 600 nm was reached. The cells were 19 then harvested, washed three times and resuspended to an optical density of 0.3 at 600 nm. This 20 final suspension was equivalent to approximately log 6 cfu ml -1 and was used as inoculum. Plugs 21 (0.5 cm diam) cut at the edge of a young colony of P. ultimum grown on RSM medium for 2 d 22 were used as inoculum. 23
Bacterial antifungal assays were made on RSM agar [24] . Fe was added to this medium 1 in concentration equal to 20 µM of FeCl 3 . In the bacterial antifungal assay related to Fe 2 competition, no FeCl 3 was added to RSM. Also, the Fe present in the casamino acid solution 3 added to this culture medium, had been removed [27] . Two equidistant drops of 10 µl of 4 bacterial inoculum were placed at 3.5 cm from the middle of the Petri dish. Bacteria were then 5 incubated at 28 °C for 2 d before a 0.5 cm dia plug of P. ultimum was placed in the middle of the 6 dish. Control plates without bacteria were centrally inoculated with the fungus. Plates were 7 incubated at 28 °C and the inhibition zones were measured after 2 d, i.e. after the time required 8 for fungal radial growth to reach bacterial inoculation points in the control. AT was supplemented with filter sterilized (0.22-µm) Fe stock solution to obtain the required 7 tested concentration. 8
Rhizobium radiobacter was first grown on 10% TSA for 2 d before transferring one 9 colony into a tube containing 5 ml of liquid AT. Inoculated tubes were incubated at 28 °C and 10 agitated at 250 rev min -1 on a rotary shaker until optical density of 0.6 at 600 nm was reached. 11
The cells were then harvested by centrifugation (1500g, 4 min, 4 °C), washed three times and 12 resuspended in liquid AT then diluted 1000-fold in this medium. The final cell suspension was 13 equivalent to approximately log 6 cfu ml -1 . Aliquots of 5 ml of this dilute suspension were used 14 to inoculate growth treatment media. To determine the effect of HS on bacterial growth and 15 siderophores production, bacteria were cultured in 500-ml Erlenmeyer flasks containing 250-ml 16 of liquid AT-medium. HS were added as follows: 1) 50 mg l -1 of either DPSC-FA, DPSC-HA or 17 of fossil-HA which were respectively, equivalent to 1.05, 1.72 and 11.52 µM of Fe and 2) a 18 specific quantity of either DPSC-FA, DPSC-HA or of fossil-HA equivalent to 1.72 µM Fe. In the 19 control flasks, the 250 ml AT medium received: 1) no inorganic Fe and no HS (free of any 20 source of Fe) 2) the equivalent of 1.72 µM FeSO 4 and 3) the equivalent of 20 µM FeSO 4 . After 21 inoculation, cultures in Erlenmeyer flasks were incubated at 28 °C on a rotary shaker at 250 rev 22 min -1 for 3 d. R. radiobacter growth and siderophores production were followed by retrieving 1 aliquots of 1.5 ml from each flask at different times over 70 h. Each aliquot was divided as 2 follows: 0.5 ml was used for reading optical density at 600 nm for growth and the remaining 1.0 3 ml was centrifuged (1500g, 4 min, 4 °C) and the supernatant stored at -20 °C for siderophore 4 determination. Samples were thawed and units of siderophores produced were estimated at an 5 optical density of 630 nm by using the CAS solution [27] . All assays were duplicated. 6 7
Statistical analyses 8
The data of bacterial antifungal assays were subjected to a one-way completely 9 randomized analysis of variance by considering each HS and rate combination as one 10 independent treatment. To compare treatment means to the control, the Dunnett test with P < 11 0.01 was used [29] . Values of the bacterial growth and siderophore assays were expressed as a 12 mean of two replicates for each treatment. The data were subjected to a two-way factorial 13 analysis of variance with time and treatments as factors. A significant interaction was obtained 14 between the factors time and treatments. Thus, values of growth and siderophores assays were 15 presented graphically as a function of time. Means were compared with the protected Fisher's 16 Least Significant Difference (LSD) test at P < 0.01 [29] . Variance was homogeneous for all data 17 sets. All analyses were carried out using the Statistical Analysis System procedure [30] . 18
Results 20
Effect of HS on microbial antagonism 22
When RSM was supplemented with 5 mg DPSC-FA l -1 , P. ultimum inhibition 1 significantly (P<0.01) increased by 2% compared to the control (Fig. 1) . In the presence of 50 2 mg l -1 of DPSC-FA or DPSC-HA, antifungal activity significantly increased by 2 and 3% 3 respectively while 50 mg fossil-HA l -1 significantly decreased this activity by 3% compared to 4 control (Fig. 1) . In the presence of 500 mg l -1 of DPSC-FA, DPSC-HA or of fossil-HA, there was 5 no fungal inhibition (Fig. 1) . In the presence of 5 and 50 mg l -1 of DPSC-FA, DPSC-HA or 6 fossil-HA, P. ultimum inhibition by P. aeruginosa was similar to that observed in the control 7 (Fig. 2) . Only in the presence of 500 mg l -1 of DPSC-FA and DPSC-HA, fungal inhibition 8 decreased significantly (P<0.01) by 10.4 and 9.7%, respectively, compared to control (Fig. 1) . 9
Effects of HS and of DPSC-HA fractions on microbial antagonism 11
In the presence of 10 to 50 mg l -1 of DPSC-HA fraction with the molecular weight 12 ranging between 1000 to 10 000 Da or of fossil-HA, P. ultimum inhibition by R. radiobacter 13 decreased (P<0.01) by 2.1 to 3.5% and by 3.7 to 6.5% respectively, as compared to the control 14 (results not shown). Rates of DPSC-FA, DPSC-HA and of DPSC-HA fractions with the 15 molecular weight ranging between 10 000 to 100 000 Da and > 100 000 Da had no significant 16 effect on fungal inhibition. Inhibition of P. ultimum by P. aeruginosa showed comparable trends. 17 18
Effects of HS on microbial antagonism in the presence of Fe 19
The inhibition of P. ultimum by R. radiobacter was similar in the control (RSM without 20 HS or Fe) and in the presence of 5 mg l -1 of DPSC-FA, DPSC-HA or fossil-HA (Fig. 2) . Fungal 21 inhibition significantly (P<0.01) decreased by 7% compared to control in presence of 50 mg l -1 of 22 fossil-HA (Fig. 2) The addition of 500 mg l -1 DPSC-FA significantly (P<0.01) reduced fungal 1 inhibition by 14.3% while DPSC-HA and fossil-HA completely eliminated the inhibitory effect 2 of this bacterium compared to the control (Fig. 2) . When FeCl 3 was added in excess (200 µM) to 3 RSM, the antifungal activity of R. radiobacter was completely eliminated in presence of all 4 tested concentrations of HS and in the control without HS (Fig. 2) . The addition of 5 or 50 mg l -1
5
of DPSC-FA, DPSC-HA or fossil-HA did not affect the inhibition of P. ultimum by P. 6 aeruginosa (Fig. 2) . The highest concentration (500 mg l -1 ) of DPSC-FA, DPSC-HA or fossil-7 HA significantly decreased P. ultimum inhibition by 7, 29 and 29%, respectively, compared to 8 control (Fig. 2) . The inhibitory effect of P. aeruginosa was reduced by the addition of 200 µM of 9
FeCl 3 to 25.9, 27.7 and 26.6%, respectively, in presence of 5, 50 and 500 mg l -1 of DPSC-FA, 10 DPSC-HA and fossil-HA (Fig 2) . This reduction was comparable to that observed with the 11 control (26%) which did not receive HS. 12 Siderophore production by R. radiobacter was significantly higher in treatments free of 1 Fe compared to those supplemented with organic or inorganic Fe (Figs. 3B, 4B and 5B). In 2 treatments free of Fe, units of siderophore reached the level of 90% after a total period of 70 h. siderophore produced were equivalent to 20 and 0% respectively after a total period of 70 h. In 7 presence of DPSC-FA, DPSC-HA and of fossil-HA added in quantity equivalent to 1.72 µM of 8 Fe, units of siderophore produced were equivalent to 40, 60 and 80%, respectively. In the 9 presence of 50 mg l -1 of DPSC-FA, DPSC-HA and of fossil-HA, which were equivalent, 10 respectively, to 1.05, 1.72 and 11.52 µM of Fe, units of siderophores produced were equivalent 11 to 80, 60 and 20% respectively (Figs. 3B, 4B and 5B). 12 13
Discussion 14
Our results showed that the presence of HS in the culture medium influences microbial 15
antagonism. This is in accordance with previous observations made by Visser [14] (Fig. 1) . In the presence of 50 mg l -1 of fossil-HA, P. ultimum inhibition by this bacterium 1 decreased. Thus, our results support previous findings [34, 35] indicating that HS of compost 2 origin seems to be more biostimulating than those of fossil origin. Low rates (< 50 mg l -1 ) of FA 3 and HA from DPSC had no effect on P. ultimum inhibition by P. aeruginosa. Low rates of fossil-4 HA also had no effect on this interaction. Bacterial antifungal activity was in general decreased 5 or completely eliminated when the RSM medium was supplemented with 500 mg l -1 of HS of 6 either DPSC or fossil origin (Fig. 1) . This suggests that the influence of HS on microbial 7
antagonism vary with the organism tested (R. radiobacter or P. aeruginosa ) but, also with the 8 origin of the HS (DPSC or fossil), rates (5, 50 or 500 mg l -1 ) and molecular weight (i.e. DPSC-9
FA < DPSC-HA < fossil-HA). It is also possible that the method of extracting DPSC-HA 10 compared to the one used for fossil-HA, may have influenced bacterial antifungal activities. Our 11 results corroborate previous statement [33] indicating that the effect of HS tested on growth of 12 plants and microorganisms within different experimental contexts can vary according to all of 13 these previously enumerated factors in addition of their structure. P. ultimum inhibition by 14 bacteria tended generally to decrease when RSM was supplemented with increasing rates of HS 15 used as sole source of Fe. This negative effect was most pronounced with fossil-HA followed by 16 DPSC-HA and then by DPSC-FA. This pattern is also in agreement with their Fe content ( Table  17 2). The lower Fe content of DPSC-FA probably explains why 500 mg l -1 of these compounds did 18 not completely cancel P. ultimum inhibition by R. radiobacter in RSM as observed with DPSC-19 HA and fossil-HA (Fig. 2) . However, when inorganic Fe was added in excess to RSM 20 containing HS, R. radiobacter antifungal activity was completely cancelled while that of P. 21 aeruginosa, was similar to control. The fact that R. radiobacter could no more suppress P. 22 ultimum growth under these conditions, indicates that this bacterium inhibits this fungus mainly 23 by being the most competitive for Fe via its siderophore production. In contrast, P. aeruginosa 1 seems to possess more than one mechanism for limiting growth of P. ultimum. In fact, this 2 bacterium also produces HCN (Table 3) Fe is essential for microbial growth and this also explains why R. radiobacter growth was 5 the slowest in the AT minimal medium free of this element. It is also under these conditions, that 6 R. radiobacter produced its highest level of siderophore in order to survive by capturing the 7 remaining traces of Fe. However, when FeSO 4 or FA and HA from DPSC or fossil origin were 8 added as sole source of Fe to AT, bacterial growth was more rapid. Also, in parallel, siderophore 9 production by R. radiobacter decreased mostly in presence of FeSO 4 but also with HS additions. 10
These results indicate that as with FeSO 4 , the Fe chelated to HS clearly influenced R. 11 radiobacter growth and siderophore production. Siderophores of this bacterium were thus 12 probably capable of capturing the Fe chelated on FA and HA from DPSC or fossil origin. This 13 also means that the stability constant of Fe complexed to R. radiobacter siderophores was 14 probably higher than the one existing between this element and the organic compounds. In fact 15 the stability constant of Fe complexes with siderophores are generally higher than those 16 calculated for Fe-humate complexes [1, 37] . No real differences were observed between R. rhizosphere differ widely from those of bulk soil [39] , and this can lead to changes in the 2 dynamics and structure of humified organic matter. In fact, when humic macromolecules were 3 treated with acetic acid, small-size humic fractions were thus obtained and also stimulated 4 specific biological properties in plants [40, 41] . Therefore, in the rhizosphere, soil HS or those 5
originating from compost addition, possibly play an important role on microbial activities such 6 as antagonism and siderophore production. Table 2 Total content of some elements present in DPSC-FA, DPSC-HA and of fossil-HA.
Values are means ± standard error (n=3). 
